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We report a gas phase technique to establish the temporal overlap of ultrafast infrared laser and hard
x-ray pulses. We use tunnel ionization of a closed shell atom in the strong field at the focus of an
infrared laser beam to open a distinct x-ray absorption resonance channel with a clear fluorescence
signature. The technique has an intrinsic response of a few femtoseconds and is nondestructive to
the two beams. It provides a step-functionlike cross-correlation result. The details of the transient
provide a diagnostic of the temporal overlap of the two pulses. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3125256�

Monitoring atomic motions on their intrinsic time and
length scales �angstroms and femtoseconds� represents a
great opportunity for x-ray studies of matter. An important
class of studies involves understanding the response of at-
oms, molecules and materials to photoexcitation. Here the
key technical challenge is ensuring the overlap between a
hard x-ray pulse derived from a free-electron laser �FEL� or
synchrotron radiation source and an optical pulse derived
from a separate laser. Cross correlation of two optical pulses
is routine using nonlinear crystals, but cross correlation be-
tween an optical and hard x-ray pulse �where hard x rays
refer to photon energies �4 keV� has so far only been dem-
onstrated using x-ray diffraction based methods.1,2 In these
methods the ultimate response time is governed by the dy-
namical response of the crystalline material. The absorption
of an ultrafast optical pulse generates a coherent strain wave
propagating at the speed of sound ��4000 m /s� that modi-
fies the x-ray diffraction intensity, yielding a Bragg peak
change in a few picoseconds. A cross correlator with an ini-
tial time response approaching tens of femtoseconds and ap-
plicability to hard x rays has been demonstrated at the Ham-
burg FEL �FLASH� �Ref. 3� with the aid of electro-optic
sampling �EOS�.4 The response is governed by the ultrafast
electron rearrangement following x-ray absorption within a
10 nm surface layer of GaAs that alters optical reflectivity.
Here we demonstrate a gas phase technique that has the po-
tential for an intrinsic response time of a few femtoseconds.
We use optical-field ionization of krypton gas followed by
x-ray resonant absorption to provide a simple step function
cross correlation. Our method is closely related to that of
Ref. 5, who use the transient state of Kr+ ions during optical-
field ionization as an ultrafast soft x-ray absorption sampling
gate.

An alternative, nonresonant, gas phase cross-correlation
method has been demonstrated for optical and EUV pulses
with photon energies �100 eV.6–8 In two-color photoioniza-
tion, the photoelectrons ejected by the EUV pulse exchange
energy with the optical laser “dressing” field, producing side-
bands on the main photoelectron peak. These sidebands ap-

pear only in the presence of both the optical and EUV fields,
and thus the cross-correlation signal yields a convolution of
the optical and EUV pulse shapes and their relative jitter.
Impressive results have been obtained at FLASH in Xe at an
EUV photon energy of 90 eV using a magnetic bottle spec-
trometer with 4� collection efficiency.9 The implementation
of the sideband technique for the hard x-ray regime is made
difficult by the combination of low photoionization cross
sections, gas density restrictions for electron spectroscopy,
and lifetime broadening of the x-ray photoelectron line.

Our infrared/x-ray cross correlation is a pump-probe
technique utilizing two intrinsically ultrafast atomic physics
processes: Strong optical field ��1014 W /cm2� ionization of
closed-shell atoms as a pump and resonant x-ray fluores-
cence in the resulting ions as a probe. The use of initially
closed shell atoms assures good contrast because the reso-
nant photoexcitation channel is only present in the ionized
species. In this work we are interested in cross-correlation
measurements with hard x rays, focusing on core excitations
and subsequent fluorescence emission, using krypton as an
example. X-ray fluorescence has the practical advantages of
being penetrating and unaffected by external fields. The same
principles apply to other closed-shell systems and resonant
excitations from other shells, as long as the resonant states
decay promptly with a readily observable signature. For neu-
tral Kr the x-ray absorption spectrum is an essentially fea-
tureless step, blending the pre-edge Rydberg series of 1s ex-
citations and the actual 1s ionization edge �Fig. 1, top�. In
contrast, the additional 1s→4p resonance in Kr+ is well
separated and virtually background free �Fig. 1, bottom�. The
signature of the promotion of a 1s electron is the prompt
emission of a fluorescence photon. The time scales determin-
ing the response time of this technique are very short: the
optical-field ionization occurs during a few optical cycles
�2.67 fs period for 800 nm�, depending on the peak electric
field strength. For example, in the central core of the focus of
2 mJ �30 �J� laser pulses with 50 fs �5 fs� full width at half
maximum �FWHM� duration, focused to 100 �m�30 �m�
FWHM diameter, ionization of krypton atoms is saturated
within six �1.5� optical cycles,10 generating an almost pure
sample of Kr+. The lifetime of the 1s-hole state is 0.24 fs and
the main decay mechanism is fluorescence emission. While
the time scales for the creation of the Kr+ ion cloud and the
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appearance of the Kr+ signature in x-ray absorption are very
short, the ion cloud and the existence of the resonant absorp-
tion persist for a significantly longer time after the ionizing
laser pulse and weaken with a 10 ns time constant because
of the relatively slow Coulomb expansion of the Kr+ /e−

ensemble. Neutral atoms in the interaction region are replen-
ished at the speed of sound, 0.34 �m /ns. The atomic phys-
ics aspects of this process and the associated plasma dynam-
ics have been the subject of several recent publications11–15

and are well understood. In terms of the temporal resolution,
the practical limitations of the technique come from the jitter
in the synchronization between laser and x-ray pulses and the
accuracy of their relative delay setting.

The experimental setup and procedure used in this work
are described in detail in Ref. 14. Briefly, a monochroma-
tized x-ray beam from Argonne’s Advanced Photon Source
�APS� is focused to about 10�10 �m2 and intersected with
an intense Ti:Sapphire �2 W, 50 fs, 1 kHz� laser beam fo-
cused to 100�100 �m2 at a crossing angle of 25 mrad in-
side a vacuum chamber containing krypton gas �Fig. 2�. The
laser oscillator is phase-locked to the APS driving radio fre-
quency and the relative delay is controlled by a variable de-
lay line. A pair of x-ray fluorescence detectors is mounted at
right angles to the x-ray beam and 1 mm slits limit the de-
tector viewing length to the section of complete beam over-
lap. Locating the smaller x-ray focus fully inside the laser
focus and restricting the detector viewing range minimizes
the spatial averaging of laser intensity for the probed vol-
ume. The strongest signal is obtained for linear laser polar-
ization in the same plane as the x-ray polarization. The signal
is half that strength if the polarization directions are at right
angles due to the orbital alignment in the tunneling
process.13–15 The alignment decreases with time and this de-
crease is the more rapid the higher the gas density.11 In con-
trast, the overall signal decrease stemming from the Cou-

lomb expansion of the ion cloud is independent of the gas
density.12

In our cross-correlation measurement the x-ray energy is
tuned to the Kr+ 1s→4p resonance energy. The 1 kHz laser
pulses are overlapped with a particular single bunch in the
APS fill pattern once for every 271 revolutions. We record
fluorescence counts originating in the region of spatial over-
lap from this particular bunch, separately with and without
laser, while stepping the relative delay between the x-ray and
laser pulses. The observed transient in the fluorescence sig-
nal versus relative delay is mathematically the convolution
of the stepwise ion buildup in the oscillating laser field with
the x-ray temporal pulse shape and with the jitter in the laser-
x-ray synchronization. In the present case the temporal width
of the ion buildup ��15 fs� and the jitter ��5 ps� rms are
small compared to the width of the x-ray pulse ��100 ps�,
so the observed delay dependence can be regarded as the
cumulative integral of the x-ray pulse shape.

The steplike cross correlation from an irreversible pro-
cess such as the present case has the practical advantage that
one can perform and optimize the spatial overlap with the
laser timing set coarsely to within a few nanoseconds earlier
than the x-rays using a photodiode, and then finding the tem-
poral overlap by decreasing the relative delay until the fluo-
rescence signal is reduced to 50%. Cross-correlation tech-
niques based on reversible processes, e.g., the generation of
sidebands,9 require simultaneous spatial and temporal over-
lap to yield a signal.

Figure 3 shows results for resonant x-ray fluorescence
emitted as a function of the x-ray-to-laser delay. The data
were obtained during “24-bunch” and “hybrid fill” opera-
tions at the APS. The laser polarization was at 45° to the
x-ray polarization in order to eliminate the pressure depen-
dent signal decrease due to dealignment. At large negative
delays the x-ray pulse precedes the laser pulse and no ion
fluorescence is observed. Superimposed on the data are nu-
merically integrated x-ray pulse profiles measured with the
APS diagnostic streak camera at a different time.16 In hybrid
mode our data indicate near the top of the figure a somewhat
steeper rise in the transient than seen in the streak camera
results. We show in Fig. 4 the results of x-ray bunch length
determinations from various cross-correlation measurements
at the APS performed over a period of four years.

In this letter we present a resonant gas phase cross-
correlation technique between ultrafast infrared and hard
x-ray pulses with an inherent response time of a few optical

FIG. 1. �Color online� Fluorescence yield signal from x-ray absorption by
neutral Kr atoms �upper trace� and Kr+ ions �lower trace� as a function of
x-ray energy. The energies corresponding to resonant excitations are
indicated.

FIG. 2. �Color online� Experimental setup.

FIG. 3. �Color online� Cross-correlation data for hybrid fill �solid circles, 10
s/ch� and 24-bunch mode �open circles, 20 s/ch�. A background from neu-
trals ��10� was subtracted. The solid curves are the cumulative integral of
the respective x-ray pulse profiles from streak camera measurements.
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cycles. Because of the low number density of target atoms
the technique is nondestructive for the two beams and
applications as an in-line diagnostic could be conceived—
with the obvious limitation to specific resonant x-ray ener-
gies. With improvements in the relative jitter between the
two beams to levels as reported in,9 this method would be
well suited to characterize proposed picosecond x-ray pulse
implementations.17 At future x-ray FELs the x-ray fluxes will
suffice to perform single-shot measurements with our
method at a given delay. Schemes have been proposed to
reduce the x-ray pulse length at FELs to below 1 fs.18 The
synchronization of such short x-ray pulses to an external la-
ser system in pump/probe applications may not be achiev-
able at this level and one will have to measure the x-ray
arrival time on a shot-to-shot basis analogously to EOS for
the electron bunches.4 For that case, and for scattering/
diffraction/imaging applications that typically don’t require
continuous x-ray tunability, one could imagine tailoring the
intensity of the ionizing infrared laser in the present method
such that the buildup of the ion sample is stretched over a
few 100 s of femtoseconds, effectively providing a streaking
mechanism which would map the observed fluorescence
yield to the delay between the subfemtosecond x-ray and
ionizing laser pulses.
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FIG. 4. �Color online� Root mean square �rms� x-ray bunch lengths ex-
tracted from cross-correlation measurements as a function of the electron
bunch current. Diamonds, hybrid fill, 16/17 mA injected; the two points
below 2 mA were taken after an extended period without top-up injections.
Triangles, hybrid fill 8 mA. Circles, 24-bunch, 4 mA. Open squares, APS
nominal x-ray bunch lengths. The dashed curve represents a cube root func-
tional behavior.
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